A nonmesocyclone tornado traversed the Hong Kong International Airport on September 6, 2004 directly impacting a surface weather station. This allowed for 1-second 10-meter above ground level (AGL) wind observations through the core of the tornado. Integration of these 10-meter AGL wind data with Ground-Based Velocity Track (GBVTD) wind retrievals derived from LIDAR data provided a time history of the three-dimensional wind field of the tornado. These data indicate a progressive decrease in radial inflow with time and little to no radial inflow near the time the tornado crosses the surface weather station. Anemometer observations suggest that the tangential winds approximate a modified-Rankine vortex outside the radius of maximum winds, suggesting that frictionally induced radial inflow was confined below 10 m AGL. The radial-height distribution of angular momentum depicts an increase in low-level angular momentum just prior to the tornado reaching its maximum intensity.
Introduction
Although fine-scale observations of tornado structure have occurred more frequently in recent years with the proliferation of mobile radars and focused field experiments (e.g., [1] [2] [3] [4] [5] [6] [7] ) with few exceptions (e.g., [8] [9] [10] [11] [12] [13] ) low-level observations, below 15-20 m above ground level (AGL), are comparatively rare. Even mobile radar observations near the surface are complicated by intervening ground clutter and degraded resolution and increased observing height with increased distance from the tornado [14] . In situ observations also are difficult to obtain due to the inherent dangers of placing instrumentation in the path of violent and often debris-laden winds. All observations of tornadoes are, of course, limited by the crude predictability of formation and track, as well as the short temporal and small spatial scales characteristic of the phenomenon. However, characterizing the near-surface winds in a tornado is critical for understanding how these winds cause damage and how near-surface wind velocities relate to those more frequently observed aloft.
The tornado wind field is commonly partitioned into the following different flow regimes: (i) the swirling boundary layer, (ii) the core region, (iii) the corner region, and (iv) the upper flow (e.g., see reviews by [15] [16] [17] ). Briefly, the boundary layer, which forms as a result of the rotating flow's interaction with the underlying surface, feeds the core flow by way of the corner flow region. Of particular interest to this study is the relationship between the core flow and boundary layer winds. Surface friction results in an imbalance between the centrifugal and radial pressure gradient forces, which acts to increase near-surface inflow. This leads to an increase in the tangential velocities in the mid and upper portions of the boundary layer. Additionally, large eddy simulations [18] suggest that turbulent transport in the boundary can increase tangential winds by up to 30% just above the surface. Observations by Wurman et al. [9] document little reduction in wind speed between measurements taken at 3 m above ground level (AGL) and those taken at 18 m AGL, possibly suggesting that 3 m AGL is near the top of the boundary layer in that case. Substantial radial inflow at 3 m AGL was documented in a strong tornado by Wurman et al. [12] , but due to the available data, it was difficult to determine whether the total winds increased with height or were constant between 3 m AGL and 20 m AGL; therefore the depth of the boundary layer may have been near 3 m AGL or much higher. Integrated low-level radar data and in situ observations in 
Data and Methodology
On September 6, 2004 , an anticyclonic tornado formed behind the leading edge of a thunderstorm gust front and crossed the southwestern portion of the Chek-Lap-Kok International Airport in Hong Kong, China ( Figure 1 ). Observations were available from several platforms, including a Terminal Doppler Weather Radar (TDWR), a LIDAR, and a surface weather station. At 0946 UTC (all times hereafter are in UTC), TDWR and LIDAR data depict four distinct anticyclonic circulations along the gust front (Figure 2(a) ), but only circulation number 3 persisted and briefly intensified to marginally tornado strength (Consistent with the Wurman and Kosiba [19] classification of a marginal tornado.) (Figures 2(b) and 3) . One of the airport surface weather stations (R1C) was directly impacted by the tornado, thereby providing rarely obtained in situ observations of the nearsurface winds in a tornado. These surface data combined with proximal and contemporaneous LIDAR observations allow for the reconstruction of the two-dimensional time history of the winds throughout the lifetime of the tornado. The LIDAR was located 50 m AGL on the roof of an airport building. LIDAR data comprised horizontal sector scans ranging in elevation from 0.0 to 4.5 degrees. This scan strategy was repeated approximately every two minutes. Range gates were every 105 m and azimuthal sampling was in 1-degree increments. At the time of closest approach, the tornado was 1.1 km from the LIDAR, yielding an azimuthal spacing of 20 m. The surface weather station (R1C hereafter) used in this study is located at a distance of 1.09 km and an azimuth of 202.6 degrees from the LIDAR. The anemometer was located at a height of 10 m AGL and winds (direction and speed) were sampled at 1-second intervals. The error associated with the location of a given LIDAR volume measurement is approximately one-half the sample volume, or 53 m in range and 9 m in azimuth (at the location of the tornado).
The Ground-Based Velocity Track (GBVTD) technique [5, 6, 11, 13, 20, 21] was used to retrieve the three-dimensional axisymmetric wind components from the LIDAR data during the life cycle of the tornado, including the time of the tornado's closest approach to R1C. Before the GBVTD technique was applied, the data were interpolated to a Cartesian grid using a Barnes objective analysis scheme [22] . Since LIDAR sampling was mismatched in range (105 m) and azimuth (∼30 m) at the location of the tornado, a smoothing parameter ( ) of 0.005402 km 2 was applied to the data, which was slightly less than the value recommended by Pauley and Wu [23] and Koch et al. [24] (it is generally recommended that = (1.33Δ) 2 , where Δ is the coarsest data spacing, to mitigate the introduction of noise into the analysis, but since the LIDAR azimuthal data spacing is much finer than the range data spacing, a less conservative value of [= (0.7Δ) 2 ] was used to preserve the tangential velocities, which were well sampled in azimuth), and grid spacing was 40 m in the horizontal and vertical. Analyses were only conducted at times when volumetric data were available. Also, due to the relatively small size of the core (core size is defined as the distance between total wind maxima) in comparison to LIDAR sampling, the radial wind component (due to LIDAR sampling geometry and parameters, the tangential winds were better resolved than the radial winds since the azimuthal sampling was approximately 30 m at the location of the tornado, whereas the radial sampling was 105 m) was poorly resolved at and inside the radius of maximum winds (RMW) precluding an analysis of vortex structure at those locations.
Results
The intensity and radius of the tornado, as deduced from LIDAR observations, are depicted in Figure 3 . The tornado gradually increases in strength from 0940:34 until 0956:06 to a maximum delta-V of 36 m s −1 and then decreases from 0956:06 to 0958:33. Correspondingly, the RMW decreases from 140 m to 30 m between 0940:34 and 0956:06 and then increases thereafter. Wurman and Kosiba [19] have documented short-lived tornadoes of similar strength (MTs; marginal tornadoes) and Tanamachi et al. [21] have analyzed the two-dimensional structure of MTs that occurred during the Second Verification of the Origins of Rotation Experiment [7] . Based on the LIDAR observations, the tornado was near peak intensity as it crossed weather station R1C at 0955:30. A photograph (Figure 1(a) ) taken near the time the tornado traversed the weather station depicts a visible funnel cloud extending to the surface.
Since the core flow of the tornado crossed over the surface weather station, a transect of the near-surface tornado core winds was obtained (Figure 4) . Tornado motion was determined from the LIDAR data and then subtracted from the surface observations to obtain the tornado-relative winds. These winds were then compared to an idealized modifiedRankine vortex model [25] in order to ascertain information regarding the probable wind structure of the vortex. A Rankine vortex predicts the tangential winds ( ) as a function of radius ( ) by assuming potential flow outside and solid body rotation inside the core radius ( 0 ) ( ∼ − for > 0 ; ∼ for < 0 , where = 1 for a Rankine vortex and < 1 for a modified-Rankine vortex). Previous studies of the tangential winds in tornadoes [2, 5, 7, 8, 10, 11] and in hurricanes [26] suggest that the decay exponent ( ) approaches 0.5, implying a loss of fluid momentum as the air spirals inward.
Anemometer data were fit to a modified-Rankine vortex profile between 0955:38 and 0956:31 as the tornado core passed over the weather station. The Rankine parameters ( 0 , 0 [velocity at the core radius], and ) were chosen based on minimization of the least squares error. Contrary to previous findings, the best fit was achieved with a decay exponent of one, perhaps suggesting that frictionally induced inflow near the surface is transporting higher angular momentum air inwards [27] . Radial profiles of the tangential winds constructed from quasi-contemporaneous LIDAR data, approximately 40 m above the anemometer, suggested that < 1, with values ranging from 0.7 to 0.9. It is possible that varies with height, but the coarseness of the LIDAR data samples compared to the anemometer data may also account for this discrepancy. Sensitivity of the fit as determined through a least squares minimization to varying amounts of radial wind ( ) revealed little to no , indicating that flow was primarily tangential at this time.
Analysis of quasi-contemporaneous LIDAR and photographic data taken near the time of the tornado's encounter with R1C (Figure 1(a) ) were used to estimate an 0 of 30 m (±5 m). Based on interpolation of the tornado center location as determined by LIDAR observations (the center of the tornado relative to the LIDAR was determined by a third-order polynomial interpolation between LIDAR observations), the 0 value suggests that the anemometer observations were at or very near to the core radius. This, along with the tornado-relative wind directions derived from the anemometer observations, suggests little to no deviation of the winds from a purely tangential flow ( Figure 5 ), which is consistent with the derived modified-Rankine vortex profile. The lack of radial inflow near the surface is in contrast to the findings of Wurman et al. [12] , who found significant radial inflow within 3 meters of the surface in a strong tornado, but is similar to the findings of Kosiba and Wurman [13] , who found that the radial inflow substantially decreased above the surface boundary layer. It is possible that inflow only occurs within a very shallow region near the surface in weak tornadoes and that the current 10-meter observations were above the inflow layer. It is also possible that the inflow layer does extend to 10 m AGL but that the inflow is asymmetric and thus was not observed by the fixed-location anemometer observations, similar to the tornadic structure proposed in Wurman [28] . GBVTD analyses (based on visual observations, dust was likely the primary scatterer type; the results were relatively insensitive to the inclusion of a small bias (4 m/s) to approximate the effects of debris centrifuging) were available approximately every 5 minutes (Figures 6(a)-6(e) ). Early analyses, at 0941, reveal a weak vortex, with inflow turning upward as it approaches the RMW. By the next analysis time, 0945, near the RMW, there is a suggestion of a downdraft aloft (200 m to 300 m AGL), which does not persist through the subsequent 0950 and 0954 analyses. The last analysis time, 0958, suggests a downdraft may have redeveloped and extended to the surface. From 0941 to 0958, the tangential velocities continually increase in magnitude. Interestingly, the maximum tangential velocities extend through the depth of the domain at 0954 but are confined to the surface at 0958. Soon after 0958, the tornado dissipates. The angular momentum distribution suggests that as the tornado is intensifying (Figure 6(c) ), increased angular momentum is being imparted to the circulation near the surface. The importance of this low-level angular flux in tornado intensification has been underscored in numerical simulations (e.g., [27] ) and similar angular momentum profiles during tornado intensification have been observed in other axisymmetric three-dimensional analyses of tornadoes (e.g., [10, 11, 13] ). A Hövmoller diagram constructed for the two-dimensional winds at 60 m AGL (Figure 6(f) ) reveals a progressive decrease in radial inflow with time and an increase in angular momentum, just prior to observed maximum tangential winds.
In order to compare the derived two-dimensional structure of the winds near the surface with the winds aloft, the GBVTD technique was applied to the 0.0 degree LIDAR data at 0956:06, which was the closest scan in time when the tornado traversed the surface station, to derive the axisymmetric and . Results depict weak, inflow (∼1 m/s) for 110 m ≤ ≤ 250m and no inflow for ≤ 80m. The tangential winds reached a maximum value of 17 m s 
Conclusions
The three-dimensional wind field of an anticyclonic tornado that crossed the Hong Kong International Airport was deduced from 10-meter anemometer observations and LIDAR data at and above 50 m AGL. Three-dimensional GBVTD analyses of the LIDAR data revealed a decrease in radial inflow outside of the core radius with time. Wind speed and direction measurements from the anemometer data were fit to an idealized modified-Rankine vortex profile using a core radius of 30 m and maximum tangential wind speed of 22 m s −1 . The data suggest that the edge of the inner core flow of the tornado passed almost directly over the anemometer and there was little to no inflow at 10 meters AGL. GBVTD analysis of the LIDAR winds also indicated a vortex consisting of almost purely tangential flow. This finding suggests that the frictional inflow layer is below 10 meters AGL but does not exclude the possibility that the inflow is asymmetric and unobserved by the available instrumentation. More nearsurface observations and vertical profiles of the low-level winds are needed to evaluate these hypotheses.
